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Abstract: 
The mechanical strength of Earth’s crust is a vital aspect in crustal dynamics in terms of 
understanding earthquake depth distribution, brittle plastic transition, isostatic equilibrium, the 
stability of mountain ranges, exhumation, crustal detachment and so on. However, the lack of direct 
measurements from the lower continental crust hinders better understanding of the mechanical 
strength of Earth’s continental lithosphere. Mostly the estimations of the mechanical strength (rheology) 
of the lower continental crust are based on the extrapolations of experimental data and microstructures 
in naturally deformed rocks from lower crustal exposures. The interpretations are mainly based on the 
rheology of major mineral constituents such as quartz and feldspar under different conditions. In general, 
the dry phases of quartz and feldspar are stronger than their wet equivalence. Hence, the anhydrous 
granulites in the Earth's lower continental crust are believed to be strong. However, the exposed 
granulite terrains show various ductile deformation structures formed during and after the high‒grade 
metamorphism. Hence, a microstructural analysis of quartz and K‒feldspar in felsic granulites were 
carried out to identify dominant deformation mechanisms during the high‒grade metamorphic evolution 
and the fabric modification due to the multiple deformation events. Felsic granulite samples were 
collected from the Highland Complex (HC) of Sri Lanka which is known to be a lower crustal exposure of 
East‒African orogeny of Gondwana.  
The HC of Sri Lanka is subjected to granulite facies metamorphism (800‒900˚C/0.8‒1.0 GPa) and 
multiple ductile deformation events. Among the multiple deformation events, the first two deformation 
events (D1 and D2) occurred during the prograde path, and they are responsible for the development of 
penetrative fabrics such as foliations (S1 and S2) and stretching lineations (L1 and L2). The D2 event is 
considered as the strongest deformation (95% shortening) event coeval with peak metamorphism of Sri 
Lanka and the L2 and S2 tectonites are the major fabric elements in the terrain. The D1 fabrics that 
formed at greenschist facies conditions (<550˚C) are preserved in garnet porphyroblasts and rootless 
folds in the terrain. The terrain has suffered multiple ductile bulking (D4 and D5: km scale upright 
folding) deformation events during the retrograde path after the peak metamorphism making axial 
plane fabrics (S5: a 30‒50% shortening).  
The L2 of felsic samples mostly demarcated by highly elongated quartz ribbons (<15 mm). The 
ribbons present as monocrystalline grains without any indication of internal strain. They make large 
polycrystalline ribbons by joining together. Both polycrystalline and monocrystalline ribbons include 
matrix mineral as inclusions and mostly they are K-feldspar grains. Feldspar and minor minerals 
present as aggregated matrices in QFG. Those inequigranular matrices of QFG samples contain high 
volume proportion of K‒feldspar, and almost all the K‒feldspar including the inclusions are in high‒
temperature sanidine (>550˚C) composition. Both quartz and matrix minerals show preferred surface 
and particle fabric orientation distribution function with orthorhombic bulk fabric symmetry. This 
indicates co-axial strain geometry during the D2 deformation event. The Fourier transformed infrared 
spectroscopy (FTIR) analysis show low water contents even at the grain boundaries. The quartz ribbons 
and the K‒feldspar in the matrix of dry QFG deformed by dislocation creep with the recovery by grain 
boundary migration (GBM) during the deformation event D2. Different lattice preferred orientations of 
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quartz ribbons and isolated small quartz in the matrix indicate a transition of low temperature (<550˚C) 
D1 basal<a> fabric to prism<a> by GBM during the ribbon formation (D2). Hence the final geometry of 
quartz ribbons represents the strain accommodated form both D1 and D2 deformation events. The 
crosscutting of quartz ribbons by high‒temperature garnet brake down and scapolite forming reaction 
corona indicates D2 as an event before peak metamorphism (>550‒750˚C). By this new placement of the 
D2 event introduced by this study, it would be plausible that high transient water content and the low 
stress during the D2 enabled both quartz and K‒feldspar to deform plastically. The water content has 
modified during the D2 by GBM dynamic recrystallization and after by subsequent static 
recrystallization. Plagioclase present as a reaction product of the garnet breakdown does not show any 
deformation fabric which indicates the absence of penetrative deformation at peak metamorphic 
conditions. 
The matrix K-feldspar in QFG samples are bulged into the quartz ribbons along the grain boundaries 
and fluid inclusion trails. This formed boudin‒like structures of quartz in the K-feldspar matrix. The 
intense cryptoperthite formation in K‒feldspar is due to the coherent spinodal decomposition during the 
fast cooling retrograde path (~660‒750˚C). These conditions are consistent with the feldspar 
equilibration temperatures. The subgrain boundary of K-feldspar are decorated by cryptoperthite 
lamellae array (subgrain wall). This is related to the syn‒kinematic exsolution with the D5. Such 
subgrain wall formation indicates dynamic recovery and the enhanced interdiffusion of Na/K and Al/Si 
which could promote dislocation climb in K-feldspar during D5. The formation of K-feldspar bulges in 
normal to foliation and dependence of quartz layer thickness for bulge formation indicates quartz 
boudinaging under the bulk extension during D5. Quartz boudinaging in K-feldspar matrix indicate 
competency contrast between dry quartz and dry K‒feldspar matrix with showing switched rheology 
between quartz and feldspar. The bulging is due to the phase boundary migration (PBM). Calculated 
diffusion lengths of Na and K in K-feldspar are 2‒20 times larger than the K‒feldspar grain size. Hence 
it is plausible that the PBM has occurred by the stress-controlled volume diffusion in K‒feldspar due to 
the interdiffusion during D5. Plastic flow strength estimations of quartz and K-feldspar under the 
dislocation climb regime considering Na/K interdiffusion and oxygen species diffusion in quartz show 
significant weakening indicating the observed rheological switch. Therefore, the considerable amount of 
K‒feldspar (>30%) in QFG enables to maintain the low plastic flow strength of bulk lithology to 
accommodate  duc t i le  s train  a l though the  samples  conta in  l ow amount  o f  water . 
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論文審査の結果の要旨 
 
Athurupana M.B. Bhathiya は、珪長質グラニュライト中の石英とカリ長石の微
細構造解析を行い、高変成作用進化時の支配的な変形機構と複数の変形事象に起
因するファブリック変化を同定した。解析に用いた珪長質グラニュライト試料は、
ゴンドワナ大陸の東アフリカ造山帯の下部地殻が露出する地域として知られてい
るスリランカのハイランド複合体から採取された。 
Athurupana M.B. Bhathiya は、以下の点を明らかにした。珪長質グラニュライ
ト試料は、細長い石英リボン（サイズ 15 mm 以下）を含んでおり、石英珪長質片
麻岩（QFG）とクォーツァイト試料の両方で見られる石英リボンは、同地域にみら
れる褶曲（S2）と線状構造（L2）を規定している。カリ長石は高い含有率を示し、
他の微量鉱物とともに、QFG 中のマトリックスとして存在する。マトリックスに含
まれるカリ長石のほとんどは高温のサニディン（生成温度 550℃以上）である。フ
ーリエ変換赤外分光法（FTIR）分析から、珪長質グラニュライトは粒内・粒界に
おいて低い含水率を示す。 
ドライな QFG のマトリックス中の石英リボンおよびカリ長石は、変形イベント
D2 ステージ時期に粒界移動（GBM）による回復を伴う転位クリープによって変形し
たと考えられる。また石英リボンの上に成長する高温ガーネットの分解反応物お
よびスカポライト反応コロナの存在は、ピーク変成作用（変成温度 550-750℃以
上）前のステージとして変形イベント D2 の存在を規定している。D2 ステージ時の
高水分含量および低地殻応力が、石英とカリ長石の両方を塑性変形させえたと考
えられる。また現在測定される低い含水量は、D2 ステージ時に GBM 動的再結晶化
とその後のピーク変成作用下での静的再結晶化によって修正されたことを明らか
にした。 
カリ長石に見られる cryptoperthite の形成は、高速で冷却する後退変成作用
（約 660〜750℃）中のコヒーレントなスピノーダル分解によって形成されたもの
であると考えられる。 サブグレイン境界に沿う cryptoperthite lamellae の発達、
S2 を大きな正立褶曲に褶曲させた D5 変形ステージ時に伴う syn-kinematic な離溶
に関連している可能性がある。カリ長石のスピノーダル分解時における Na および
K 元素の高い相互拡散速度はドライな後退変成作用下においても転位上昇が容易で
あった可能性を支持する。逆に、石英粒界に沿ったカリ長石によるバルク伸長下
での石英ブーディン形成は、ドライな石英とドライなカリ長石マトリックスとの
間のコンピ―テントコントラストを示唆する。さらに相境界移動やカリ長石の内
部拡散によるバルジングは、D5 ステージ時に応力制御されたカリ長石の体積拡散
を促進した。したがって、D5 ステージ時のドライな状態においてさえも、QFG の
主要構成鉱物であるカリ長石は、延性ひずみに適応すべく、岩石全体で低い塑性
流動強度を維持することができたと推定される。 
Athurupana M.B. Bhathiya 提出の論文は、ゴンドワナ大陸の東アフリカ造山帯
の下部地殻の露出として知られているスリランカのハイランド複合体を珪長質の
グラニュライト中の石英とカリ長石の微細構造解析を行い、高変成作用累進時の
支配的な変形機構と複数の変形事象によるファブリック変化を同定し、ゴンドワ
ナの東アフリカ造山帯の下部地殻の変形を構造地質学的・構造岩石学的視点で研
究した世界的に新しい研究である。本研究は、筆者が自立して研究活動を行うの
に必要な研究能力と学識を有することを示している。したがって、Athurupana 
M.B. Bhathiya 提出の博士論文は、博士(理学)の学位論文として合格と認める。 
